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Soft and stretchable strain sensors have found wide applications in
health monitoring, motion tracking, and robotic sensing. There is a
growing demand for strain sensors in amphibious environments,
such as implantable sensors, wearable sensors for swimmers/divers,
and underwater robotic sensors. However, developing a sensitive,
stretchable, and robust amphibious strain sensor remains challen-
ging. This work presents an encapsulated stretchable amphibious
strain sensor. The conductive layer, made of silver nanowires
embedded below the surface of polydimethylsiloxane, was sand-
wiched by two layers of thermoplastic polyurethane. Periodic sharp
cuts were introduced to change the direction of flow from across
the sensor to along the conductive path defined by the opening
cracks. The crack advancing and opening is controlled by a unique
combination of weak/strong interfaces within the sandwich struc-
ture. The cut design and the interfacial interactions between the
layers were investigated. The strain sensor exhibited a high gauge
factor up to 289, a linear sensing response, a fast response time
(53 ms), excellent robustness against over-strain, and stability after
16 000 loading cycles and 20 days in an aqueous saline solution.
The functionality of this amphibious strain sensor was demon-
strated by tracking the motion of a robotic fish, undertaking
language recognition underwater, and monitoring the blood pres-
sure of a porcine aorta. This illustrates the promising potential for
this strain sensor for both underwater use and surgically implan-
table applications.

Introduction

Stretchable strain sensors have demonstrated extensive utility
across a variety of applications, including health monitoring,"™
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New concepts

This work has demonstrated a novel structural design that features a
robust and reversible interface between the functional layer and the
encapsulating layer. Many stretchable devices, beyond stretchable sen-
sors in this work, require encapsulation to enhance environmental
stability, water/saline impermeability, and abrasion resistance. However,
the encapsulation generally limits the device stretching range and func-
tions. The interface design presented in this work can be broadly
applicable to such stretchable devices. We introduced the periodic cut
patterns to achieve the strain sensing with an unusual combination of
sensitivity, strain range, and robustness. We conducted both experiments
and finite element analysis to investigate how the strain sensor responds
with the constraint of the encapsulation.

21729 and soft

motion tracking,"®">® human-machine interfaces,
robotics.**® Notably, there is a growing demand for amphi-
bious strain monitoring. In healthcare, amphibious strain
sensors can be used for implantable sensing, aquatic therapy,
and rehabilitation exercises. In sports science, understanding
the strain on athletes’ bodies during water-based activities like
diving, swimming, or rowing is essential for improving training
outcomes and preventing injuries. In ecological research,
amphibious strain sensors can be used to study the movement
and behavior of aquatic animals without disturbing them.
Amphibious wearable strain sensors are also valuable for
military applications, where soldiers may need to operate in
diverse environments including underwater. While stretchable
strain sensors have been extensively reported in the literature,
design, fabrication and evaluation of durable, stretchable, and
amphibious strain sensors has not been reported previously.
There are three types of sensors that can perform amphi-
bious strain sensing: gel-based strain sensors, superhydropho-
bic strain sensors, and encapsulated strain sensors. Gel-based
materials, such as ionogel hydrogels, have emerged as out-
standing materials for underwater applications. Xu et al
reported a transparent, stretchable, and self-healing ionogel
strain sensor for wearable underwater motion tracking.”
A conductive polymer hydrogel with an anisotropic structure
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was developed to monitor the real-time movement of under-
water robotics.®® The gel-based strain sensors exhibited
remarkable stretchability and water-compatibility. However,
gels typically suffer from swelling, contraction and degradation
when exposed to changes in temperature and humidity, which
greatly limits the lifespan of gel-based devices.”® Furthermore,
some hydrogels undergo dehydration when exposed to air,
leading to substantial changes in mechanical properties.*’
Other sensing devices rely on a layer of superhydrophobic
coating or surface modification to survive the aquatic environ-
ment. For example, a paper-based strain sensor inspired by
the papilla-like structure of the lotus leaf’s superhydrophobic
surface was developed for underwater strain sensing."" However,
damage to the surface features, such as scratches or excessive
strains, poses limitations to the resilience of the sensor and leads
to mechanical failure.** In pursuit of an amphibious and resilient
strain sensor, a few designs incorporating a series of encapsulated
layers have been reported.**™** For example, a MXene/cotton yarn
encapsulated by polydimethylsiloxane (PDMS) has shown good
performance in monitoring human physiology when moving in
air or underwater.”> While the resistance to water and external
damage is improved, the encapsulated layer can severely limit the
sensitivity, the range of stretch, and the robustness of the strain
sensor due to the mechanical constraints imposed by the bonding
between the functional layers.*®

This work reports on the design, fabrication and evaluation
of an encapsulated stretchable strain sensor that can achieve
highly sensitive, linear, and robust amphibious strain sensing.
The superior sensing performance is attributed to the unique
crack pattern and interface between the encapsulated layers
and the functional layers. This is a resistance-based encapsu-
lated strain sensor with the resistor being a silver nanowire
(AgNW) network embedded below the surface of a sheet of
PDMS. Periodic sharp cuts were made in the AgNW/PDMS
composite, changing the direction of current flow from across
the sensor to a conducting path guided by the cuts. The AgNW/
PDMS composite layer was encapsulated on both sides by layers
of thermoplastic polyurethane (TPU), which provided the fol-
lowing attractive features of high elasticity, ease of thermal
processing, good biocompatibility, strong chemical resistance,
and low water permeability.”*® Upon stretching, the resis-
tance increases, as the crack propagates and increases the
length of the conductive pathway, but remains constant once
the crack reaches the cut length. Both the sensing region and
the plateau region are fully reversible without any hysteresis.
The effect of the cut length and distance between the cuts
was studied, highlighting an unusual combination of GF and
electrical signals during the cyclic extension and recovery
phases of strain. The interface between the encapsulated layers
and the functional layers provided excellent durability against
excessive strain and cyclic loading, and superior resistance
against the aqueous saline solution. The stretchable strain
sensor was incorporated into both a robotic fish and a glove
so as to demonstrate underwater strain monitoring. In another
demonstration, the strain sensor was wrapped around a por-
cine aorta and used to continuously monitor the systolic and
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diastolic blood pressure with a cyclic fatigue tester. This sup-
ports the claim that that this strain sensor has potential for
monitoring implantable devices.

Results and discussion

Fig. 1a shows the fabrication process of the amphibious strain
sensor with the periodic cut design. First, AgNW solution was
drop-cast on a sacrificial substrate. The AgNWs (chemically
synthesized with an average diameter of 90 nm and length of
30 um) form a percolation network (Fig. S1a, ESIt).>>>' Then,
liquid PDMS precursor was mixed thoroughly and spin-coated
on top of the AgNW network. The AgNW/PDMS composite was
cured at 70 °C and then peeled from the substrate with the
AgNW network embedded below the surface of the PDMS
matrix.>> The AgNW/PDMS film was then laminated onto a
thin layer of spin-coated TPU following plasma treatment of the
laminating surfaces of the PDMS and TPU layers. Then the
AgNW/PDMS composite film was slowly cut with a zigzag-
shaped pattern using a standard mechanical cutter to achieve
highly sensitive, linear, and robust amphibious strain sensing.
The superior sensing performance is attributed to the unique
crack pattern and interface between the encapsulated layers
and the functional layers. This is a resistance-based encapsu-
lated strain sensor with the resistor being the AQNW network
embedded below the surface of a sheet of PDMS. Periodic sharp
cuts were made in the AgNW/PDMS composite, changing the
direction of current flow from across the sensor to a conducting
path guided by the cuts. The AgNW/PDMS composite layer was
encapsulated on both sides by layers of TPU, which provided
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Fig. 1 Overview of the underwater strain sensor. (a) Fabrication process
of the amphibious strain sensor. (b) The original sensor and the sensor after
20% stretching and twisting. (c) The crack tip under the microscope at zero
strain and 20% strain. (d) Schematic side view of the three-layer structure
of the strain sensor. (e) Side view of the strain sensor under the microscope
at zero strain and at 20% strain.
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the following attractive features of high elasticity, ease of
thermal processing, good biocompatibility, strong chemical
resistance, and low water permeability.”’*® The mechanical
straight blade was programmed to cut through the AgNW/
PDMS layer and stop at the top surface of the TPU layer. The
top encapsulating TPU layer was designed slightly larger in size
than the AgNW/PDMS/TPU film so as to cover the edges and
fuse to the bottom TPU layer, making the AgNW network
completely isolated from the aqueous saline solution.

Fig. 1b shows the fabricated sensor after stretching and
twisting. The cracks were visible through the transparent TPU
layers. Fig. 1c shows microscopic images of the crack tip at zero
strain and 20% strain. When the sensor was stretched, the
cracks opened, reaching the predetermined cut length, before
eventually breaking.>® Fig. 1d illustrates the side view of the
3-layer structure consisting of a cut AgNW/PDMS layer sand-
wiched between two TPU layers. The thickness of the AgNW/
PDMS composite was ~3 pum, while the total thickness of
PDMS network, ¢, was 60 um; the thickness of the two TPU
layers, t; and ¢; were each 30 pm. Fig. 1e shows the side view of
the 3-layer structure at both zero and 20% strain. When 20%
strain is applied the AgNW/PDMS film separates at the cut
interface, causing a local disconnection of the AgNW network.

Fig. 2a shows a schematic diagram of the electric current
pathway through the AgNW conductor when the predefined
cuts gradually open while the strain sensor is stretched. Initi-
ally, the current runs horizontally from left to right across the
cuts. The closed cuts (regions marked in yellow) maintain the
electrical contact, while the opened cuts lose the electrical
contact. A scanning electron microscope image shows the top
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view of the crack front, opened cut, and closed cut during the
crack propagation and opening process (Fig. Sib, ESIf). Our
previous study suggested an AgNW density of over 0.5 mg cm ™ *
to guarantee good electrical contact at the cut surfaces.’®
Fig. 2b shows the resistance change as a function of the applied
cyclic strain during loading and unloading. The resistance
change upon stretching can be divided into two regions, a
sensing region where the resistance increases linearly with
increasing strain (R* = 0.998), and a plateau region. The crack
propagation and opening process was observed in situ under an
optical microscope (Fig. 2b), while the resistance was measured
simultaneously. The optical images in the sensing range
(Fig. 2b) show the crack propagation and opening along the
predefined cut. Fig. Sic (ESIt) shows the side view of the strain
sensor under the scanning electron microscope (SEM). In the
sensing range, the current flow follows the crack-guided paths.
As a result, the resistance of the sensor increases with the
advancing crack front. The resistance reaches a plateau and
remains constant when the crack front reaches the pre-defined
cut length as shown in the magnified optical image (Fig. 1c and
e). The sensor can be further stretched without any resistance
change, as shown in the plateau region (Fig. 2b). In this region,
the crack front remains stationary and does not advance
beyond the predefined cut length. The crack propagation along
the cut length with respect to applied strain is shown in Fig. S2a
(ESIt). The plateau region is important as it informs the user
that the sensor has reached the limit of its linear working range
and that it should not be stretched further to protect it from
breaking under exceedingly large strains. The sensor’s perfor-
mance is reversible within the sensing region and the plateau
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Fig. 2 Electrical performance of the strain sensors under applied strain. (a) Schematic diagram of the sensor before and after stretching. The red dashed
lines show the path of the electrical current through the AGQNW conductor. The yellow lines show the closed cuts. (b) Resistance change of the sensor
with the loading and unloading of 30% strain. Insets show the photographs of the crack propagation and opening when stretched. (c) and (d) Resistance
changes of the strain sensors with different p/w and [./w, respectively (p/w = 0.3, 0.2, 0.1; I./w = 0.9, 0.8, 0.7). (e) The change in resistance of the strain
sensors immersed in water and saline solution for 20 days. (f) The sensing performance of the strain sensors before and after immersing in water and

saline solution for 20 days.
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region. With increasing strain beyond the plateau region, the
local strain in front of the crack tip would exceed the failure
strain of the AgNW/PDMS composite and cause irreversible
structural damage to the AgNW network, leading to an irrever-
sible change in resistance (Fig. S3, ESIt). The periodic cut
design slightly reduces the effective Young’s modulus of the
structure (with 10 cuts), e.g., by 5% compared to the one
without cuts (Fig. S2b, ESIt).

The electrical performance of the encapsulated strain sen-
sors is tuneable due to the periodic cut design. Two critical
parameters are defined in Fig. 2a: the distance between the cuts
normalized by the specimen width p/w, and the cut length
normalized by the specimen width I./w. Fig. 2c¢ illustrates the
effect of p/w on the relative change in resistance while l./w is
kept constant at 0.9. With a decreasing distance between the
cuts, the contour length of the electrical path increases, leading
to an increase in resistance and GF at the same applied strain.
For example, when p/w decreases from 0.3 to 0.1, GF increases
from 83 to 289. Fig. 2d shows an increase in the resistance
change with increasing l./w while keeping p/w constant at 0.2.
The maximum increase in resistance is related to the cut
length. With an increasing cut length, the contour length of
the electrical path also increases. And because the sensing
range is smaller for the samples with a smaller [, the cracks
reach the cut length at a lower strain level. These results, based
on the two parameters p/w and [./w, demonstrated the excel-
lent tunability of the sensor, both in terms of the GF and the
sensing range.

The response time of the strain sensor was captured by
attaching the sensor around a pressurized thin rubber tube
which was 1 mm thick (Fig. S4a, ESIt). The rubber tube was
connected to a hydraulic pump. The applied pressure in the
tube and the change in resistance of the strain sensor were
synchronized. The inset of Fig. S4a (ESIT) shows a response
time of 53 ms for the resistance to increase from the baseline to
90% of the maximum resistance change. Fatigue testing

involved 16 000 loading/unloading cycles at a strain rate of
1

0.6 s~ and maximum strain of 30%. This demonstrated the
excellent repeatability of the sensor for long-term use (Fig. S4b,
ESIY).

The sensors were immersed in water and saline solution for
20 days to test their durability in aqueous and biological fluid
environments. The resistance of the sensors changed by 1.1%
in water and 1.2% in saline solution after 20 days (Fig. 2e).
We also tested the durability of the sensors by measuring the
resistance vs. strain before and after 20 days of exposure to
water and saline solution. After immersing in water and saline
solution for 20 days, the sensor was taken out and tested with
30% tensile testing. The sensing performance remained stable
in terms of the GF and the strain measurements during the
cyclic extension and recovery phases (Fig. 2f).

To better understand the underlying mechanism of crack
propagation and opening, we measured the strain distributions
in the three layers; namely the top TPU layer, the middle PDMS
layer, and the bottom TPU layer, and conducted finite element
analysis (FEA) to predict the forces acting on the sensor. Fig. 3a

This journal is © The Royal Society of Chemistry 2024
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shows the optical images of the side view of the strain sensor
under zero and 20% strain. Fig. 3b shows the SEM images of
the side view of the sensor under zero and 10% strain. Fig. 3c
plots the strain distribution in the three layers. The strains in
the different layers are measured by the relative displacement
of selected feature points (markers) under the microscope. The
strain in the top TPU layer (red dots) shows a significant level of
strain in the central region where the cut opens, while the
strain in the bottom TPU layer (black dots) shows a limited
response. However, in Region 2 at some distance from the cut,
the strains in all three layers, including the PDMS layer (blue
dots), are almost identical. At locations closer to the cut, we
observed a larger mismatch in strain between the three layers.
So based on this observation, we defined two regions in the
length direction: namely Region 1 and Region 2. These two
regions divide at the point where the strain in the top TPU layer
and the PDMS layer diverge. In Region 1, the large mismatch of
strains between the two layers is due to sliding at the interface
because of relatively weak adhesion between the layers as a
result of heat pressing. Fig. S1d (ESIt) shows the SEM images of
the interfacial sliding between the top TPU layer and the AgNW/
PDMS layer. The strain distribution measured from the SEM
image agrees with the results measured by optical microscope
(Fig. Sie, ESIt). The interface between the PDMS layer and the
bottom TPU layer was plasma treated before lamination, which
generated strong adhesion and prevented sliding between the
layers (Fig. Sic, ESIt). When exposed to increasing levels of
strain the crack propagates and opens along the predefined cut
direction, and because of the different bonding strengths at the
upper and lower interfaces, the crack surfaces form a V shape
(Fig. 3a and b).

FEA of the three-layer structure with predefined cuts was
conducted to understand the effect of interfacial bonding
strength on the crack opening behaviour. Fig. 3d shows the
simulated crack opening Jypen during initial loading, unload-
ing, and reloading at 20% strain for the sample with p/w = 0.2,
l/w=0.9, t; = t3 = 30 pm, and ¢, = 60 pm. The corresponding
images of the structure at different stages are shown in Fig. 3e.
The contour plots in Fig. 3e show the maximum traction
damage criteria for cohesive surfaces (CSMAXCRT), which
evaluates the sliding damage at the interface on a scale of
0-1, where 1 represents a completely separated interface.
During the initial loading cycle, dopen sShows a slightly nonlinear
response at 0-5% strain, followed by a linear response between
5-20% strain. This nonlinear response is due to the critical
interfacial stress ¢, beyond which the contact surfaces start to
slide. Fig. S5 (ESIt) shows a nonlinear traction-separation law
that is applied to the upper interface which involves a linear
increase of stress followed by a constant critical stress of
0.02 MPa.>*"® During the unloading and reloading cycles, the
sliding surfaces, which are considered damaged cohesive ele-
ments in FEA, remain in constant friction. As a result, in
subsequent loading and unloading cycles, d,pen shows a highly
repeatable and linear applied strain response. At 20% strain,
the simulated crack propagates to the predefined cut length,
resulting in a predicted strain distribution in the three layers

Mater. Horiz., 2024, 11, 5070-5080 | 5073
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Fig. 3 Crack opening mechanism of the strain sensors. (a) Optical images showing crack opening from the side view at (top) zero and (bottom) 20%
strain. (b) SEM images showing the sensor from the side view at (left) zero and (right) 10% strain. (c) Strain distribution of the three layers: namely, the top
TPU layer, the PDMS layer, and the bottom TPU layer, compared with the simulated results. (d) Simulation results of the crack opening dgpen Under initial
loading, unloading, and reloading at 20% strain. (e) Images of the strain sensor showing the maximum traction damage (CSMAXCRT) for the cohesive
surfaces under initial loading, unloading, and reloading at 20% strain. (f) Images of four specific cases of the strain sensors at 20% strain with different

combinations of interfacial treatments.

(Fig. 3c), which agrees well with the observed experimental
results. Image ® of Fig. 3e shows the simulation results for the
maximum cut opening dopen (27.5 pm) and maximum sliding
length dgjige (162.7 um) at 20% applied strain. This predicted
value is in excellent agreement with the observed experimental
results (dopen = 26.9 M, dgjige = 161.2 pm). With an increasing
interfacial strength between the top and middle layers, the
nonlinear response of the initial loading becomes more signi-
ficant (Fig. Séa, ESIt). Conversely, with a decrease in the
interfacial strength, sliding can occur at a lower applied strain
(Fig. S6b, ESIT).

To further illustrate the importance of the interface design,
we have compared four different combinations of interfacial
strengths (Fig. 3f). Case 1 represents a sensor with weak
bonding (o, = 0.02 MPa) at both the upper and lower interfaces.
In this case, the strain mismatch induced simultaneous sliding

5074 | Mater. Horiz., 2024, 11, 5070-5080

at both interfaces, causing a cut opening of 94.78 um.
In comparison, Case 2 has weak bonding at the upper interface
and strong bonding at the lower interface. Compared with
Case 2, Case 1 yields a significantly larger dopen at 20% applied
strain, which introduces a large local strain of 8.9% to the
AgNW/PDMS composite in front of the crack tip and causes
irreversible damage (Fig. S7a, ESIT).

In contrast, Case 2 with a value of J,pen = 26.9 pm generates
a totally reversible maximum strain of 4.9% in front of the
crack tip on the top surface and 4.5% on the bottom surface.
Fig. S3 (ESIt) shows the strain range for the AgNW/PDMS
composite to be 5%. Case 3 is essentially the inverse of Case 2.
For Case 4, with both interfaces strongly bonded, the local
strain in the AgNW/PDMS layer reaches the reversible limit of
5% at the crack front with an applied strain of only 2.7%.
In this case, the strain sensor has a limited stretchability.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Comparison between this work and reported underwater strain sensors (blue: gel-based sensors; orange: superhydrophobic sensors; green:

encapsulated sensors)

Strain Linear sensing Safe Response Cyclic Water/saline
Materials range (%) GF range range time (ms) test durability (days)
Hydrogel®® 300 1.4-3.4 x x 130 1000 7
Hydrogel®® 300 0.6-3.9 x x 125 3000 n/a
Tonogel®” 600 0.8-1.8 x X 200 300 n/a
AgNps*! 0.1 263.3 N, x 75 10000 n/a
Carbon Black NPs®” 250 1.5-354 X X n/a 10000 14
AgNW/Mxene*’ 160 255-948 X x 71 10000 n/a
This work 20 289 V J 53 16 000 20

In conclusion, only the design with a weak upper interface,
where the conductive materials are located, and a strong lower
interface provides a relatively large linear and reversible sen-
sing range. In general, many stretchable devices require encap-
sulation to enhance their environmental stability, their water
and saline impermeability as well as their abrasion resistance.
The interface design presented in this work can provide a
valuable guide for a wide range of different applications.

Table 1 lists representative examples of gel-based, super-
hydrophobic, and encapsulated underwater strain sensors. The
hydrogel and ionogel based underwater strain sensors respond
to a large range of strains, but the GFs are small and provide a
non-linear response in a wide range of different strains.?”-3%3¢
The durability of gel-based sensors is limited when exposed
to water, saline and air."” A carbon black nanoparticle-based
strain sensor with superhydrophobic surface modification
achieved a good combination of both a wide range of strains
and GFs, but the changes in resistance were nonlinear with GFs
ranging from 1.5 to 354.%” Similarly, the AgNW/Mxene based
sensor with PDMS coating showed a wide range of strains at
160%, but the GFs ranged from 255 to 948.*> A strain sensor
exhibiting a highly nonlinear response complicates the inter-
pretation of the sensing results. One reported sensor; namely
the AgNPs based strain sensor with a superhydrophobic coat-
ing, exhibited a linear response with a constant GF.*" However,
the sensing range of 0.1% strain was extremely narrow.
In comparison, the strain sensor reported here exhibits both
high linearity throughout the sensing range and a large GF
of 289.

To demonstrate the strain sensor’s suitability for amphi-
bious applications, we mounted the strain sensor on a robotic
fish. The two ends of the strain sensor were glued across the
body and tail of the robotic fish (Fig. 4a). Fig. 4b shows the
relative position of the sensor and the robotic fish from above.
The strain sensor is at its initial length when the robotic tail is
bent in the extreme clockwise direction and the angle between
the body and the tail is denoted as 0 = —20°. When the tail is
parallel to the body, 0 = 0. When the tail is bent in the extreme
counterclockwise direction, the sensor undergoes maximum
strain and the angle between the body and the tail is denoted as
0 = 20°. Using a simple geometrical relationship, the strain on
the sensor is considered linearly proportional to the change of
angle AQ. The robotic fish is programmed to swim with random
motion. Fig. 4c shows the overlapped images of the robotic fish

This journal is © The Royal Society of Chemistry 2024

at different speeds and orientations. Fig. 4d shows the strain
values of the sensor attached to the robotic fish which have
been converted to the relative angle 6. The robotic fish was
turned on in the air before dropped into the water tank. The
first and second sets of motions in Fig. 4d are in the same mode
(Mode 1), and the sensor shows an almost identical response
for the motions in air and in water. After dropping the robotic
fish in the tank, three different patterns of tail propulsion were
observed with different amplitudes and frequencies. For exam-
ple, Mode 1 and Mode 2 show the same sweeping angle of the
tail between —20° and 20°, but with frequencies were different
at 2.5 Hz and 5.8 Hz respectively. At the higher frequency the
robotic fish swam faster (3.6 cm s ') than at the lower
frequency (2.5 cm s~ '). In Mode 3, the signal showed an
asymmetric sweeping range from —5° to 15°, which resulted
in the robotic fish swimming in a curved motion (Fig. 4c).

Another demonstration involved an underwater glove used
for sign language recognition. Fig. 4e shows five strain sensors
heat pressed into the five finger joints of a latex glove. The
calibration of the sensors attached to the finger joints is
provided in ESIt (Fig. S8).

The images in Fig. 4e show how the numbers “0”, “1”, “2”,
“3”, “4”, and “5” are signed in sign language. The corres-
ponding strain signals from the sensors are shown in Fig. 4f.
The strain on each finger joint is precisely captured during the
flexion and extension of the fingers. This type of glove with
integrated sensors can be used to monitor underwater commu-
nication between divers.

Measuring the strain on arterial vessels is crucial to assess
the risk of arterial diseases such as aneurysms, stenosis and
occlusion which can lead to heart attacks and strokes.’® Con-
tinuous monitoring of arterial strain can aid in early detection
and management of potential complications, and hence avoid
these life-threatening situations. Here we applied the strain
sensor on a porcine aorta to demonstrate the performance of
the strain sensor for blood pressure monitoring. Fig. 5a illus-
trates the cross-sectional view of the aorta surrounded by the
ring-shaped strain sensor fabricated with an extended TPU
substrate. The two ends of the TPU were heat-pressed to form
a ring shape that fits the circumference of the aorta which was
connected to a hydraulic pump and immersed in saline. The
hydraulic pump in the fatigue tester was programmed to generate
internal pressure inside the aorta (Fig. 5b). Fig. 5¢ shows the aorta
under low and high internal pressure. The signal from the strain

Mater. Horiz., 2024, 11, 5070-5080 | 5075
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Fig. 4 Demonstrations of the strain sensors for robotic fish sensing and underwater sign language detection. (a) Photograph of the strain sensor
attached to a robotic fish. (b) Schematic diagrams of the robotic fish from above showing the strain sensor connected to the tail and body. (c) Images of
the robotic fish swimming in 3 different modes. (d) The response of the strain sensor to the robotic fish swimming in different environments including air
and underwater, with different amplitudes and frequencies. (e) Photographs and (f) sensing results of the strain sensors incorporated into the joints of a

latex glove; images showing sign language signing the numbers “0", 1",

sensor was converted to pressure in mm Hg using the applied
pressure calibration curve (Fig. 5d). While most mammals haves a
linear stress-strain response within the normal blood pressure
range, the slight nonlinearity in Fig. 5d is attributed to the
nonlinear behavior of this ex vivo porcine aorta.”® Fig. 5e shows
the internal pressure and the sensing results when a sinusoidal
pressure wave was applied. The response gave excellent agreement
with the resistance change curve. Fig. 5f demonstrates a similar
response but with changing frequency and an increasing applied
systolic pressure. Finally, a unique pressure wave was created with
small peaks before and after the main peak to mimic the blood
pressure pulse in arteries.®® Details of the captured strain sensor
readings are presented in Fig. 5g. Fig. 5e-g demonstrate the high
precision and fast response of the strain sensor, indicating their
potential for healthcare monitoring of blood vessels.

The amphibious strain sensor described in this study has
shown a good combination of sensitivity and strain range,
which is suitable for detecting the strain of robotic fish, a glove
used underwater and the internal pressure of a porcine aorta.
However, the local strain on human skin can reach 50% at
some locations such as the back, elbows and knees.®! To make
our strain sensor applicable to all wearable end-uses, several
mechanical designs can be incorporated within our sensor to
increase the sensing range. Fig. S9a (ESIf) shows an amphi-
bious strain sensor with length [;, heat pressed onto athletic

5076 | Mater. Horiz., 2024, 11, 5070-5080

"2, "3","4" and "5".

tape with length [,. Upon stretching, the athletic tape experi-
ences a global strain of ¢, = 48%, while the local strain on the
sensor is only & = 20%. This is due to the larger Young’s
modulus of the sensor/tape composite compared to the athletic
tape. On the other hand, the effective GF of the structure
decreases to 120. Similarly, kirigami cuts can increase the
stretching range. Fig. S9b (ESIt) shows an amphibious strain
sensor with kirigami cuts on the extended TPU substrate. The
region with kirigami patterns experiences larger strains com-
pared to the sensor region, resulting in a global strain range of
52%, GF remain at 111 and only 20% strain on the amphibious
sensor.

Experimental
Synthesis of the silver nanowire solution

Initially, a solution of polyvinylpyrrolidone (PVP) was prepared
by combining 60 mL of 0.147 M PVP solution (MW ~ 40 000,
Sigma-Aldrich) with ethylene glycol (EG) in a flask and placing
this mixture in an oil bath at 151.5 °C with continuous
magnetic stirring at 150 rpm for 1 hour. Then 200 pL of 24 M
CuCl, solution in EG was added to the PVP solution followed
by combining the PVP-CuCl, mixture with 60 mL of 0.094 M
AgNO; solution in EG.>

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Demonstration of the strain sensor at the human—-machine interface for tactile sensing. (a) Schematic diagram showing the ring-shaped stain
sensor wrapped around a porcine aorta. The aorta is immersed in and filled with saline solution. (b) Experimental setup showing how the porcine aorta
was attached to and pressurized by a programmable hydraulic pump in an accelerated fatigue tester. (c) Photographs of the porcine aorta under low and
high internal pressure. (d) Calibration curve of the strain sensor with increasing applied pressure. (e—g) Comparison between the signal from the strain
sensors under different applied pressure conditions, including (e) a sine wave, (f) a combination of sine waves with different amplitudes and frequencies,

and (g) an artificial pulse wave in the aorta.

Fabrication and test of the strain sensors

In order to prepare a AgNW film, the synthesized AgNW
solution was drop-cast on a plasma treated glass slide, which
was placed on a hot plate at 60 °C to evaporate the solvent. After
the solvent was evaporated, liquid PDMS (SYLGARD 184, DOW
Inc.) with a weight ratio of 10:1 was mixed thoroughly and
spin-coated on top of the AgNWs at 1000 rpm for 30 s. The
AgNW/PDMS composite was cured at 70 °C for 1 hour and then
peeled off from the sacrificial substrate.*®* The cured sample
was then attached to a spin-coated TPU film after plasma
treatment on both surfaces. The AgNW/PDMS/TPU composite
film was cut from the top surface using a mechanical cutter
(silhouette CAMEO). The cut depth was programmed to pene-
trate through the AgNW/PDMS layers but stop at the surface of
the TPU layer. Copper wires were attached to the two outer ends
of the sample with silver epoxy (MG Chemicals), and another
layer of TPU was applied and attached to the AgNW side of the
AgNW/PDMS/TPU composite film by heat pressing at 150 °C for
3 min. For the sign language recognition test, the sensors were
integrated on a latex glove by heat pressing at 150 °C for 3 min
and tested on healthy human subject. Informed consent
was obtained from the human participants involved in this
experiment. The study protocol was approved by the Institu-
tional Review Board at North Carolina State University. For the

This journal is © The Royal Society of Chemistry 2024

porcine aorta test, the aorta samples utilized in our study were
kindly gifted by Dr Ke Cheng (Department of Molecular Bio-
medical Sciences at the College of Veterinary Medicine, North
Carolina State University). This approach ensures that the
samples we use are from healthy animals and allows for the
ethical and efficient use of biological materials.

Numerical simulation of crack opening

FEA (ABAQUS CAE, Version 2017) was used to simulate crack
opening and closing under applied strain. A symmetrical 3D
model with a three-layer structure was built with the corres-
ponding material properties for each of the different layers
(Fig. S10, ESIY). The tip of the predefined cut was modeled with
a curvature of p = 5 um. The dimensions of the three layers were
taken from experimental data and imported into Abaqus CAE
and then meshed with solid quadratic tetrahedral elements
(C3D10H). The Young’s modulus of PDMS (2 MPa) was taken
from the Dow Inc. datasheet. The Young’s modulus of TPU
(26 MPa) was taken from the TPU 95A datasheet. A cohesive
zone model with a nonlinear traction-separation law was
applied to the upper interface.*"*> The traction-separation
law is composed of two phases: a period of linear relationship
between traction ¢ and displacement ¢ with interfacial stiffness
of K,, followed by a constant critical stress o, (Fig. S4, ESIf).
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The critical strength o, (0.02 MPa) and the interfacial stiffness
K, (60 MPa mm ') between TPU and PDMS after heat pressing
was estimated by performing a series of peel tests.®*** Perfect
bonding was applied to the lower interface to represent the
strong bonding resulting from the plasma treatment. A symme-
trical boundary condition was applied to the left edges of the
two TPU layers and the uncut region with a length of w-I. in the
AgNW/PDMS layer. A displacement boundary condition was
applied to the opposite edges of the two TPU layers and the
uncut region of AgNW/PDMS layer.

Conclusions

We present an encapsulated stretchable amphibious strain
sensor with a periodic cut pattern and a tailored interface
design. The conductive layer of the resistance-based sensor is
made of silver nanowires embedded below the surface of
PDMS. The periodic cut design and the interfacial interactions
between different layers have been studied to reveal the funda-
mental sensing mechanism. When stretched, the electrical
resistance increases and the crack propagates. The sensor
signal remains constant as the crack reaches the cut length
and the tip opens. Both the sensing region and the plateau
region are fully reversible without any hysteresis. The effect of
the cut length and distance between the cuts have been studied,
highlighting an unusual combination of sensitivity, sensing
range, and sensor signal during the initial recovery phase.
Experimental observations and finite element analysis have
been conducted to study the effect of interfacial design on
the crack advancing an opening. The strain sensor exhibits a GF
up to 289, a high linear strain range (20%) together with an
extra 10% additional safety range, a fast response time of 53
ms, excellent robustness for 16 000 repeated loading cycles, and
resistance to water and saline solution degradation for over 20
days. We have demonstrated the amphibious strain sensor on a
robotic fish in air and water, an underwater sign language
recognition glove, and as a blood pressure sensor for monitor-
ing arterial blood pressure, illustrating great potential for use
in both underwater environments and for implantable medical
devices. Of particular note is the interface design presented in
this work, which can provide valuable guidance for many
stretchable devices with encapsulated layers.
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